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Wave and tide are important forcing factors that typically co-exist in coastal environments. A 25 numerical study was conducted to investigate individual and combined effects of these forces on 26 flow and mixing processes in a near-shore subterranean estuary. A hydrodynamic model based on 27 the shallow water equations was used to simulate dynamic sea level oscillations driven by wave and 28 tide. The oscillating sea levels determined the seaward boundary condition of the coastal aquifer, 29 where variably-saturated, variable-density flow was modeled. The simulation results showed that 30 waves induced an onshore upward tilt in the phase-averaged sea level (wave set-up). The resulting 31 hydraulic gradient generated pore water circulations in the near-shore zone of the coastal aquifer, 32 which led to formation of an upper saline plume (USP) similar to that formed due to tides. However, 33 mixing of recirculating seawater in the USP with underlying fresh groundwater was less intensive 34 under the high-frequency wave oscillations. In the case of combined forcing, wave-induced circula- 35 tions coupled with the intra-tidal flows strengthened the averaged, circulating pore water flows in 36 the near-shore zone over the tidal period. The circulating flows increased exchange between the 37 subterranean estuary and ocean, contributing 61% of the total submarine groundwater discharge for 38 the simulated condition in comparison with the 40% and 49% proportions caused by the same but 39 separate tidal and wave forcing, respectively. The combined forces also created a more extensive 40 USP with the freshwater discharge zone shifted further seaward. The freshwater flow paths in the 41 intertidal subterranean estuary were modified with a significant increase in the associated transit 42 times. The interplay of wave and tide led to increased mixing between discharging fresh groundwa- 43 ter and recirculating seawater. These results further demonstrate the complexity of near-shore 44 groundwater systems and have implications for future investigations on the fate of land-sourced
Introduction
49
Currently more than 40% of the world population lives within 100 km from the coastline 50 [Martínez et al., 2007] . The rapid development of coastal areas has increased the amount of pollu-51 tants discharged into coastal seas. Traditionally surface water, flowing through rivers and estuaries 52 to the sea, has been considered to be the main and often sole carrier of these pollutants [Moore, 53 1999]. However, it is now widely recognized that submarine groundwater discharge (SGD) also 54 provides a significant transport pathway for chemicals entering the marine environment [Moore, (1) 59 The SGR is composed of three major components due to density-driven flow (Q d ), tidally-driven 
62
On the subsurface pathway from the land source to the sea, pollutants are transported through a 63 mixing zone similar to a surface estuary, hence called subterranean estuary [Moore, 1999] . The fates 64 of pollutants in a subterranean estuary are determined by local flow, transport and reaction 4 sition/dispersion zone was traditionally considered as the primary area of mixing between dis-74 charging fresh groundwater and recycling seawater in the subterranean estuary [Moore, 1999] . 75 At most natural coasts, the subterranean estuary is also exposed to the influence of oceanic os- ence the near-shore groundwater behavior. As the wave breaks, the resulting energy dissipation and 94 changes in the onshore radiation stress induce an onshore upward tilt in the mean sea level (MSL) 95 (i.e., wave set-up as shown in Fig. 1 ; [Sorenson, 2006] were solved to predict the oscillating sea surface elevations in the near-shore zone. Wave transformation in the near-shore zone is a non-linear process, which leads to wave stee-272 pening and breaking. As a result of wave breaking and subsequent wave energy dissipation, the av-273 eraged sea level over the wave period tilts upward in the onshore direction (i.e., the wave set-up). face, which were evidently linked (Fig. 3a) .
292
The phase-averaged approach neglected the dynamic sea level oscillations and instead used the 293 averaged sea surface elevation to specify the seaward boundary condition of the subterranean estu-294 ary model. However, the predicted flow, also characterized by a circulation pattern, closely resem-295 bled the averaged flow from the phase-resolving simulation (Fig. 3a) . The total circulation rate 296 based on the phase-averaged approach was calculated to be 2.23 m 3 /d per unit width, reasonably 297 close to that predicted using the phase-resolving approach, 2.53 m 3 /d per unit width (Table 2) . effect was also included in determining the tilt of the averaged sea surface).
311
To further examine the wave effects on the subterranean estuary, we compared the simulation 312 results discussed above with those from Cases 1 and 2 (Fig. 4) . In the absence of oceanic forcing driven by phase-averaged hydraulic gradients at the beach surface (i.e., the aquifer-ocean interface).
320
In the wave case, the averaged hydraulic gradients were linked to the onshore upward tilt of the 321 averaged sea surface, which led to increases in hydraulic heads at the boundary from the 322 wave-breaking point to the maximum wave run-up (Fig. 7) . The rate of the spatial head increase, 323 given by the onshore slope of the averaged sea surface, was estimated to be around 0.032. Due to 324 seepage face and non-linear effects of tidal forcing on the sloping beach, similar hydraulic gradients velocities at a central location of the USP's mixing zone for both the wave and tidal cases (Fig. 8) . In summary, the wave effect on the subterranean estuary is mainly manifested as circulations 354 and associated USP driven by hydraulic gradients due to wave set-up (phase-average effect). The set-up effect and fluctuating with the tide, were then used to drive the coastal groundwater model.
368
The results show that while the wave-induced circulation persisted during most of the tidal pe-369 riod, it interacted and merged with the intra-tidal flows (Fig. 9) . The combined forcing strengthened 370 the pore flows in the beach. This led to a circulation zone with an increased extent and higher flow 371 rates compared with the results from the cases with separated tide and wave forcing. This is evident 372 by comparing the averaged flow field over the tidal period and the salt distribution (Fig. 10) . The the increased salt transport capacity could also lead to the reduction of the mixing zone thickness. 
Effects on transport path and time
396
The individual and combined effects of wave and tide on particle travel paths and times in the the phase-averaged flow field was used to determine the particle travel path and calculate the time it 399 takes for a particle to travel from a certain location to the boundary of the system. For Cases 2 and 3, 400 the particle travel path and time were also calculated using the instantaneous flow field and these In the freshwater zone, particle travel paths were modified significantly due to the USP forma- particle from its mean travel path (Fig. 11b ) compared with the tidal oscillations (Fig. 11a) , and 443 therefore did not increase much the salt-freshwater mixing in the dispersion zones of the USP and 444 saltwater wedge (Fig. 6) . The flux pattern in Case 1 was relatively simple with a dominant efflux in the discharge zone 458 accompanied by small amount of influx in the off-shore area due to the density-driven circulation.
459
The efflux was largely composed of fresh groundwater with a small amount of seawater provided 460 by the circulation (Fig. 12a) . Under oceanic forcing, both the influx and efflux patterns changed 461 dramatically. In all cases (2, 3 and 4), significant influxes occurred in the upper region of the UDC. To examine further the effects of oceanic forcing on the exchange between the subterranean 468 estuary and ocean, we calculated the total effluxes from the UDC, FD and DDC, which combined to 469 give the total SGD. The results listed in Table 2 show that oceanic forcing induced large discharges 
Conclusions
488
High frequency waves are an important and common oceanic forcing on coastal environments.
489
Despite previous studies on wave-induced beach groundwater flow, the influence of waves on the The study has assumed a constant incoming wave condition over a semi-diurnal tide. In reality, 
